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1. Introduction
The results from the recent field trials of methane gas production from the
hydrate bearing sediments in the Mackenzie Delta in Canada (Yamamoto &
Dallimore 2008) and in the Nankai Trough in Japan (Boswell 2013; Yamamoto
et al. 2014) show that the adequate control of formation integrity during gas
production is one of the main engineering challenges to achieve reliable gas
production for commercial purposes. Offshore methane hydrate reservoirs
are  often  located  at  shallow  depths  where  the  formation  is  still
unconsolidated.  Gas  production  from such soft  formation  has  resulted in
sand production during the Nankai Trough field trial (Yamamoto 2015). Sand
production not only influences the gas production but also leads to the loss
of  formation lateral  support,  making the well  vulnerable  to  buckling and
collapse (Veeken et al. 1994; Shute et al. 2004). 
During wellbore construction, the integrity of the unconsolidated formation
near the wellbore could be altered, which in turn affects the interpretation of
downhole tests. At the Nankai Trough site, mini-frac tests were conducted
but  the estimation of  the minimum horizontal  stress from the tests  was
found  to  be  difficult  (Matsuzawa  et  al.  2006;  Yamamoto  et  al.  2005;
Yamamoto et al. 2006). Figure 1 shows the estimated minimum horizontal
stress values of  the formation in the Nankai  Trough.  The symbols  in the
graph  are  the  estimates  from  the  mini-frac  tests  (closure  pressure  and
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propagation pressure) conducted at the A1-E1 well (Takahashi & Tsuji 2005)
while  the  lines  are  the  theoretical  estimates  calculated  assuming  the
formation density of  1.75 g/cm3 and seawater density of 1.027 g/cm3 by
Equation 1:
σ h=K0(σ ¿¿v−p)+p¿ (1)
where σ h = horizontal total stress; σ v = vertical total stress; p = pore fluid
pressure;  K 0 = ratio between the vertical and horizontal effective stresses
(as in K 0 consolidation test). The figure shows that the estimated values of
the minimum horizontal stress from the mini-frac tests are scattered over a
wide  range  of  horizontal  stress  levels  and  were  not  consistent  with  the
estimates from a typical K0 value of about 0.5 for normally consolidated soil.
Figure 2 shows the caliper measurement data of the A1-W well (Takahashi &
Tsuji 2005), which was located about 50 m in the north from the A1-E1 well.
The borehole radius is normalized by the radius of the drill bit. Considerable
borehole  enlargement was observed in  the overburden and underburden
layers of the unconsolidated Nankai Trough formation. This indicates that
the formation was disturbed by the well construction process. 
It is hypothesized in this study that well construction process has an impact
on the formation integrity. The aim of this study is to evaluate the possible
magnitude  of  such  wellbore  construction-induced  disturbance.  Since  the
direct evaluation of formation disturbance by wellbore construction process
is difficult to perform in the field, numerical simulations with a calibrated
formation  constitutive  model  is  employed  in  this  study  to  assess  the
integrity  of  the  formation.  Despite  its  shallow  depth  compared  to
conventional oil and gas wells where the stress environment could be more
severe, the stress disturbance in the Nankai Trough formation during well
construction process could be significant due to the unconsolidated nature
and  highly  nonlinear  hydrate  saturation  profiles  of  the  formation.  Well
construction in such formation should  have unique consequences on the
integrity of the formation, which could provide insights into successful well
construction techniques for future explorations.
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Figure 1 Estimated values of the minimum horizontal stress of the Nankai
Trough formation.
Figure 2 Borehole enlargement after the drilling of the Nankai Trough
formation.
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Different stages of wellbore construction affect the integrity of the wellbore.
Bosma et al. (1999) conducted a finite element analysis to demonstrate that
the integrity of wellbore would depend on the mechanical properties of the
cement.  Ravi  et  al.  (2002)  also  emphasized  the  importance  of  cement
integrity,  which was found to be dependent on the formation properties.
Gray et al. (2007) performed a three-dimensional finite element analysis of
a wellbore construction to show that plastic deformation of the formation
during  wellbore  construction  would  concentrate  in  the  direction  of  the
minimal horizontal stress. Oyarhossein & Dusseault (2015) investigated the
debonding effect at the cement-formation interface. They found that,  the
stiffer the formation is, the more likely debonding at the cement-formation
interface is going to happen. This is due to the inability of the stiff formation
to follow the cement deformation during shrinkage. 
Although  the  findings  from  the  abovementioned  numerical  studies  have
contributed  to  the  understanding  of  wellbore  integrity,  some  important
features of wellbore construction process and the behavior of the formation
have yet to be considered. Firstly, the formation constitutive models (e.g.,
linear elastic-Mohr Coulomb plastic model) used in the past studies are too
simple to simulate the complex mechanical behavior of the unconsolidated
sediments at the Nankai Trough. Secondly, the model is often simplified to a
plane-strain thin horizontal formation layer as the radial deformation would
be  the  dominant  deformation  mechanism.  Since  the  integrity  of  the
formation would vary at different depths from the seafloor, a model with the
whole wellbore depth needs to be constructed. Thirdly, formation excavation
and cementing processes need to be explicitly modelled. The relative effect
of  different  wellbore  construction  processes  on  the  extent  of  formation
disturbance is of interest in this study.
In the present study, a finite element analysis was carried out to assess the
effect of wellbore construction on the integrity of the unconsolidated Nankai
Trough  formation  in  Japan.  The  main  objectives  are  (i)  to  develop  a
modelling methodology of well construction process, (ii) to assess the zone
and magnitude of  well  construction-induced disturbance in  the formation
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and (iii) to evaluate relative impact of each well construction stage on the
integrity of the formation. The geometry of the axi-symmetric model was
based on that of an experimental wellbore (i.e., the A1-E1 well) constructed
in  2004  in  the  Nankai  Trough.  The  constitutive  model  for  the  formation
incorporates the effect  of  methane hydrate on the formation mechanical
properties,  such  as  strength,  stiffness,  and  dilation  (Hyodo  et  al.  2014;
Hyodo et al. 2013; Masui et al. 2005; Masui et al. 2007; Yoneda et al. 2015;
Miyazaki  et  al.  2011).  The methane hydrate  critical  state  (MHCS)  model
proposed earlier  by the authors (Uchida et al.  2012) was employed. The
MHCS model is based on the Modified Cam-Clay model (Roscoe & Burland
1968) and it is capable of modelling the effect of methane hydrate on the
formation mechanical properties. The MHCS model was calibrated against
the  triaxial  test  data  of  the  formation  core  samples  recovered  from the
Nankai Trough (Yoneda et al. 2015; Nishio et al. 2011). 
The simulated wellbore construction included the stages of drilling, casing
hanging, cementing, cement hardening/shrinkage and casing landing. The
cement volume shrinkage was varied between 0% and 0.75%, which are
within a reasonable range of the cement employed for the Nankai Trough
field trials (Sasaki et al. 2018). 
2. Finite element modeling
2.1. Model geometry
A two-dimensional axi-symmetric finite element model was constructed. The
model geometry was designed by Xu (2014) and it was based on the A1-E1
well drilled in 2004 at the Atsumi No.2 knoll in the Nankai Trough (Takahashi
& Tsuji  2005).  The A1-E1 well  was  constructed  as  part  of  the  multi-well
exploration program implemented in 2004 at the Nankai Trough and it was
organized by Japan Oil, Gas and Metals National Corporation (JOGMEC). In
total,  32  wells  were  drilled  at  16  locations  by  the  drill  ship  “JOIDES
Resolution” over a 122-day period. The main objectives of the exploration
program  were  (i)  to  assess  suitable  drilling  technologies  for  future
exploration and (ii) to obtain accurate temperature profiles of the formation.
Figure 3 shows the dimensions of the two-dimensional axi-symmetric model
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with  the  boundary  conditions.  The  seafloor  was  1,002 m below the  sea
surface and the depth of the well was 404 m from the seafloor. The depth of
the formation in the model was set to 430 m from the seafloor. The methane
hydrate-bearing interval (i.e., 277 m-339 m) was overlaid by a clayey layer
(0 m-277 m) and was underlain by a sandy layer (i.e., 339 m-430 m). In
order to avoid any boundary effects, the radial length of the formation was
set to 50 m, which was greater than 200 times the radius of the 17 1/2-in.
borehole  for  the  conductor  casing.  The  wellbore  was  comprised  of  a
conductor casing (0 m-53 m) and a surface casing (0 m-404 m) with cement
in the annuli. The outer diameter of the conductor was 0.340 m (13 3/8-in.)
which was placed in a 0.445 m (17 1/2-in.) diameter borehole. The diameter
of the surface casing was 0.244 m (9 5/8-in.) and it was placed in a 0.311 m
(12 1/4-in.) diameter borehole. The wall thicknesses of the conductor and
surface  casing  were  0.00965  m and  0.0100  m,  respectively.  A  constant
formation/water  pressure  boundary  was  applied  on  the  outer  radial
boundary of the model. 
A finite element code, Abaqus, was used for the simulations. The model was
discretized  into  eight-node  quadratic-displacement  elements  (casing  and
cement)  and  eight-node  quadratic-displacement  bilinear-pore  pressure
elements  (formation).  In  total,  the  model  was  discretized  into  37,051
elements  and  112,250  nodes.  The  spatially-varying  mesh  size  of  the
elements (Figure 4) was designed by Xu (2014). The vertical mesh size of
the methane hydrate-bearing interval was set to be finer (0.400 m) than
that of the overburden and underburden layer (1.17 m). The radial mesh
size  of  the  formation  was  gradually  varied  from  fine  mesh  near  the
symmetric axis (2.32 mm) to coarse mesh at the outer radial boundary of
the model (4.72 m).
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Figure 3 Geometry of the 2D axi-symmetric finite element model [after Xu
(2014)].
Figure 4 Mesh of the 2D axi-symmetric model around the wellbore and
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reservoir layer [after Xu (2014)].
2.2. Constitutive models
Methane  hydrate  critical  state  (MHCS)  model  (Uchida  et  al.  2012)  was
employed to simulate the behavior of the formation. The MHCS model is
based on the Modified Cam-Clay model (Roscoe & Burland 1968) and it is
capable of simulating the enhancement of stiffness, strength and dilation of
the formation by the presence of methane hydrate (Miyazaki et al. 2007;
Masui et al. 2007; Masui et al. 2005). The subloading surface (Hashiguchi
1989) is incorporated to facilitate a smooth transition from the elastic to
plastic behavior. The model parameters of the MHCS model were calibrated
against the triaxial test data on the core samples recovered from the Nankai
Trough (Nishio et al. 2011; Yoneda et al. 2015). The calibration results are
demonstrated in Figure 5 and Figure 6. The calibration error for the excess
pore pressure of the clayey overburden (Figure 5b) at the depth of 115.2 m
and 240.1 m seems relatively large at large axial strain levels. However, this
might be due to the poor quality of the samples taken at depths below 40 m
as Nishio et al. (2011) pointed out in his paper. The calibrated parameters
for  the  clayey  overburden  layer,  methane  hydrate  reservoir  and  sandy
underburden layer are shown in Table 1. The density and void ratio of the
formation  were  determined from the logging  data  given in  Suzuki  et  al.
(2015).  The  hydrate  saturation  and  permeability  distributions  were  also
obtained from the logging data (Figure 7). Details of the MHCS model and its
parameters are provided in the Appendix of this paper. 
The  casings  and  cement  were  assumed  to  be  isotropic  linear  elastic
materials. The Young’s modulus and Poisson’s ratio of the casings are set to
200 GPa and 0.27, respectively. For the cement, the model parameters were
varied with time during the hardening stage. The transition from slurry to
hardened cement was modeled by linearly changing the Young’s modulus
and Poisson’s ratio with time. The Young’s modulus and Poisson’s ratio for
the slurry cement were 0.131 GPa and 0.49, while they were 3.81 GPa and
0.21 for the hardened state. The densities of the casing and cement were
set to 8000 kg/m3 and 1370 kg/m3, respectively. 
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Table 1 Calibrated MHCS model parameters for the formation.
Clayey
overburden
Methane
hydrate
reservoir
Sandy
underburden
Depth (m) 0~277 277~339 339~430
Saturated bulk density 
(kg/m3)
1750 1750~2000 2000
Initial void ratio 1.31 1.31~0.717 0.717
Gradient of compression 
line, 
0.18 0.10 0.10
Gradient of swelling line,  0.03 0.02 0.02
Critical state frictional 
constant, 
1.30 1.37 1.37
Poisson’s ratio,  0.25 0.35 0.35
Subsurface constant, u 15 8 8
Stiffness enhancement 
constant, m2 
0 200 0
Hydrate degradation 
constant, m1
0 2.0 0
Dilation enhancement 
constant, a
0 20 0
Dilation enhancement 
constant, b
0 1.4 0
Cohesion enhancement 
constant, c
0 0.5 0
Cohesion enhancement 
constant, d
0 1.4 0
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Figure 5: Calibration result of the MHCS model for the clayey overburden: (a)
deviatoric stress vs. axial strain; (b) excess pore pressure vs. axial strain.
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Figure 6: Calibration result of the MHCS model for the methane hydrate
reservoir and sandy underburden: (a) deviatoric stress vs. axial strain;(b)
volumetric strain vs. axial strain.
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Figure 7: Distributions of (a) hydrate saturation and (b) permeability in the
formation.
2.3. Construction processes of the wellbore
The construction process of the A1-E1 well was modelled in ten separate
stages.  The schematic diagrams of  the construction stages are shown in
Figure  8.  Table  2  illustrates  the  modeled  construction  stages  and  their
durations.  It  starts  from (i)  drilling,  followed  by  (ii)  casing  hanging,  (iii)
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cementing,  (iv)  cement  hardening/shrinkage and finishes  with  (v)  casing
landing.  These  five  stages  were  applied  first  for  the  conductor  casing
placement and then repeated for the surface casing placement. It is noted
that hydrate dissociation or reformation was not simulated in this study as
the pressure and temperature conditions of the A1-E1 well was maintained
during well construction process by using in situ seawater as drilling fluid.
Also, any thermal stress development in the formation was not considered
for the same reason. The details of each construction stage are described
below. 
Table 2 The modeled construction stages.
Construction activity Duration (hour)
1. Drilling (17 1/2-in.) 14.4
2. Casing hanging (13 3/8-
in.)
Immediate
3. Cementing Immediate
4. Cement 
hardening/shrinkage
40.8
5. Casing landing (13 3/8-in.) Immediate
6. Drilling (12 1/4-in.) 30.2
7. Casing hanging (9 5/8-in.) Immediate
8. Cementing Immediate
9. Cement 
hardening/shrinkage
40.8
10. Casing landing (9 5/8-in.) Immediate
(i) Drilling 
The  drilling  process  was  modelled  by  removing  the  formation  elements
located inside the borehole. Upon the removal of the elements, the forces on
the nodes  of  the neighboring elements  along the borehole  were linearly
decreased with time from the values before the element removal to zero.
The hydrostatic pore fluid pressure boundary condition was specified on the
nodes of the borehole surface to model the drilling with seawater, which was
actually  performed for  the A1-E1 well.  Also,  hydrostatic  surface pressure
boundary condition was implemented on the surface of the borehole. Figure
13
8a shows the modelling process of the drilling stage.
The load due to weight on bit (WOB) at the bottom of the borehole was not
considered in this study by assuming that WOB was not significant during
the  drilling  of  the  unconsolidated  formation.  This  assumption  could  be
validated  by  the  speed  of  drilling  which  was  197  ft/h  (60  m/h)  for  the
overburden and underburden layer and 66 ft/h (20 m/h) for the methane
hydrate-bearing layer (Takahashi & Tsuji 2005). Such a high drilling speed
indicates the ease of drilling the unconsolidated formation. Also, the nozzle
hydraulic jet during drilling and potential shaft friction between the drilling
string and borehole wall were not considered. Thus, results of the simulation
would indicate a lower-bound estimate for the disturbance of the formation
during drilling. 
(ii) Casing hanging 
The  casing  elements,  which  had  been  deactivated  at  the  start  of  the
simulation,  were  activated  in  this  stage.  Zero  vertical  displacement
boundary condition was enforced at the top nodes of the casing to simulate
the hanging operation. Hydrostatic surface pressure boundary condition was
applied on the surface of the casing. The hydrostatic surface pressure and
pore pressure boundary condition on the borehole surface and nodes were
maintained  in  this  stage.  The  details  of  the  casing  hanging  stage  are
illustrated in Figure 8b.
(iii) Cementing 
To simulate the cementing stage, the hydrostatic surface pressure boundary
condition on the casing outer surface and borehole surface was replaced by
a new surface pressure boundary condition whose magnitude corresponded
to the density of the cement slurry. The density of cement slurry employed
for the A1-E1 well was 1370 kg/m3 (Takahashi & Tsuji 2005). The hydrostatic
surface pressure boundary condition was maintained on the inner surface of
the casing to simulate the pressure from the drilling fluid (i.e., seawater),
whereas the hydrostatic pore pressure boundary condition on the borehole
surface  was  removed  (i.e.,  pore  pressure  boundary  condition  was  left
unspecified).  Figure 8c depicts the boundary conditions of the cementing
stage. 
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(iv) Cement hardening and shrinkage
The  cement  elements,  which  had  been  deactivated  at  the  start  of  the
simulation, were activated in the annulus and the surface interaction with
the casing and formation were initiated. All the surface pressure boundary
conditions in the wellbore were removed except for the hydrostatic surface
pressure boundary condition on the inner surface of the casing. 
To simulate cement hardening, the values of Young’s modulus and Poisson’s
ratio were linearly varied with time from those of the slurry (0.131 GPa and
0.49) to those of the hardened cement (3.81 GPa and 0.21). In addition, the
interface friction angle was linearly increased from 0o to 30o,  which is an
average  friction  angle  of  the  cement  interface  to  the  casing  and  soil
(Kakumoto et al. 2012; Yoneda et al. 2014). The interface friction stress was
computed by the Coulomb friction model. To model cement shrinkage, the
volume of the cement was linearly decreased with time through fictitious
thermal contraction. Due to the simultaneous development of the cement
interface  friction  and  shrinkage,  the  compressive  vertical  stress  in  the
cement decreases as the cement column was restrained from displacing
downward.
The  interface  pressure  was  calculated  by  the  penalty  method  with  an
augmentation iteration scheme (i.e., augmented Lagrange method). In this
method, contact pressure is calculated by multiplying surface penetration
distance by the stiffness of representative underlining elements. The contact
pressure  is  then  augmented  through  an  iterative  scheme to  reduce  the
surface penetration below a limit value, which is based on a characteristic
element length of the finite element model. Surface separation was allowed
(i.e., zero contact stiffness in tension) even though surface separation never
occurred in the simulation due to high initial  contact pressure. Figure 8d
shows the details of the cement hardening/shrinkage stage.
It is noted that the generation of cement hydration heat and resultant heat
conduction was not simulated in this study. If the temperature increase due
to cement hydration heat was large, methane hydrate would dissociate and
the  integrity  of  the  formation  would  be  affected.  However,  a  cement
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hydration analysis  in  a  well  annulus at  the  Nankai  Trough (Sasaki  et  al.
2018) shows that the temperature increase due to cement hydration heat
would be less than 0.5 oC. As a result, the assumption of negligible cement
hydration heat and no hydrate dissociation is valid for this study.  
(v) Casing landing
The zero vertical displacement boundary condition at the top nodes of the
casing was removed in this stage to release the casing from hanging. The
hydrostatic surface pressure boundary condition on the inner surface of the
casing was maintained. These procedures are illustrated in Figure 8e.
                 (a)                                     (b)                    
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                 (c)                                     (d)                    
(e)
Figure 8 The simulated construction processes of wellbore: (a) drilling; (b)
casing hanging; (c) cementing; (d) cement hardening/shrinkage; (e) casing
landing.
2.4. Cement volume shrinkage
Cement  volume shrinkage occurs  due  to  cement  hydration  process.  The
volumes of cement shrinkage reported in the literature varies from 0.1% to
4.5% (Goboncan & Dillenbeck 2003; Backe et al. 1998; Justnes et al. 1995;
Chenevert  &  Shrestha  1991;  Chenevert  &  Shrestha  1987).  This  large
variance is not only because the cement volume shrinkage is significantly
affected by the temperature and pressure conditions and the employed test
method (Reddy et al.  2009),  but  also because the reported values often
include shrinkage before the initial set of cement (i.e., shrinkage within the
thickening time). In actual cementing operations, shrinkage before the initial
set is  usually  compensated by the drop of  slurry  column in  the annulus
(Thiercelin et al. 1998; Backe et al.  1999). On the other hand, shrinkage
after the initial  set cannot be compensated in the same way due to the
development of friction and cohesion at the cement interface to casing and
formation (Chenevert & Jin 1989). Therefore, shrinkage after the initial set is
the relevant parameter for the simulation. Also, due to the vertical frictional
resistance, shrinkage after the initial set occurs predominantly in the radial
direction (Zhou & Wojtanowicz 2000). 
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The shrinkage volume of  a  typical  oil  well  cement after  the initial  set is
smaller than 1% according to the laboratory cement shrinkage experiments
(Reddy et al. 2009; Appleby & Wilson 1996). However, cement shrinkage in
laboratory conditions may differ from that in downhole conditions where the
cement is surrounded by casing and formation. A numerical simulation on
cement  shrinkage  in  the  downhole  condition  at  the  Nankai  Trough  was
conducted by Sasaki et al. (2018) and they found that the shrinkage volume
of  cement  employed  at  the  Nankai  Trough  could  reach  up  to  0.75%.
Therefore,  the shrinkage volume was varied  between 0 to  0.75% in  the
simulation.
2.5. Initial horizontal stress of the formation
The initial  horizontal  stress  of  the  formation  was  calculated  through the
lateral earth pressure coefficient, K0 as shown in Equation 2:
σ 'h=K0σ 'v (2)
where  K 0 =  lateral  earth  pressure  coefficient;  σ 'h =  horizontal  effective
stress; σ 'v = vertical effective stress.
The effective stress in the equation refers to the Terzaghi effective stress,
which is the total stress subtracted by pore fluid pressure (σ '=σ−p). Three
different formulations for  K0 were used in this study. Equation 3 is the one
frequently employed in the field of soil mechanics. This formulation takes
into account the stress history of the formation on the current horizontal
stress.  The over-consolidation ratio  (OCR) was calculated by dividing the
maximum vertical effective stress experienced by the formation in the past
by the current vertical effective stress. The past maximum vertical effective
stress was estimated from the triaxial test data (Nishio et al. 2011; Yoneda
et al. 2015) whereas the current vertical effective stress was obtained from
the density data of the formation (Suzuki et al. 2015). 
K 0=(1−sinϕ')OCRsinϕ
'
(3)
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where ϕ' = internal friction angle of the formation; OCR = overconsolidation
ratio,  i.e.,  the ratio  of  the past  maximum vertical  effective stress to  the
current vertical effective stress. 
Equation 4 is another formula for K0 which is often employed in the field of
rock mechanics. It calculates  K0 assuming that the formation is an elastic
material.
K 0=
ν
1−ν (4)
where ν = Poisson’s ratio of the formation. 
A series of mini-frac test was performed at the Nankai Trough to estimate
the  minimum horizontal  stress  of  the  formation  (Yamamoto  et  al.  2006;
Yamamoto et al.  2005). The result  suggested  K0 = 0.40 at 310 m below
seafloor,  which  is  approaching  to  the  active  pressure  coefficient  of  the
formation (Ka = (1-sin’)/(1+sinsin’)). It was also found through the anelastic
strain  recovery  method  that  the  difference  between  the  maximum  and
minimum horizontal stress magnitudes would be small (Nagano et al. 2015).
Accordingly, K0 = 0.40 was also employed to calculate the initial horizontal
stress of the formation. The three different K0 profiles employed in this study
are compared in Figure 9.
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Figure 9 Three different distributions of the lateral earth pressure coefficient,
K0, employed to calculate the initial horizontal stress of the formation.
2.6. Initial conditions
The  initial  vertical  effective  stress  was  calculated  based  on  the  density
distribution of the formation in the Nankai Trough (Suzuki et al. 2015). The
initial  horizontal  effective  stresses  were  assumed  to  have  identical
magnitudes. This assumption is considered to be valid for the formation in
the Nankai Trough based on the anelastic strain recovery analysis on core
samples (Nagano et al. 2015). The hydrostatic pore pressure was assigned
as the initial pore pressure, which was calculated from the seawater density
of 1027 kg/m3. The initial porosities of the formation were determined from
the in situ logging data (Suzuki et al. 2015).
2.7. Numerical solution scheme of the analysis
The simulation was performed by applying external load, which was induced
by well construction process, as boundary conditions on the wellbore region
of  the  model.  In  response  to  the  input  external  load,  displacement  was
calculated. Stress and strain were then calculated from the displacement
through the constitutive model. Finally, internal load was calculated from the
stress, which was then compared with the applied external load. 
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The solution was obtained iteratively by employing Newton’s method. The
convergence  was  considered  to  be  satisfied  if  the  load  residual  (i.e.,
difference between the external and internal load) at the end of an iteration
in an increment was smaller than 0.5% of the time- and spatially-averaged
load of the entire model. If the load residual was greater than the tolerance
value,  another  iteration  was  performed  until  the  load  residual  was
decreased below the tolerance value at all nodes in all degrees of freedom.
In addition to the load convergence criterion, a displacement convergence
criterion was specified such that the displacement calculated in the latest
iteration (i.e., displacement correction) must be smaller than 1% of the total
displacement calculated for the increment. 
If  the  behavior  of  the  model  was  found to  be  unstable  due  to  material
softening  and/or  buckling  (i.e.,  negative  stiffness),  volume-proportional
damping  was  applied  to  stabilize  the  model  and  to  find  a  converged
solution. The values of the damping factor were chosen in such a way that
the  incremental  dissipated  energy  due  to  damping  in  an  increment  was
smaller  than  0.02%  of  the  total  strain  energy  of  the  model.  Also,  the
cumulative dissipated energy due to damping was enforced to be smaller
than 5% of  the total  strain  energy  of  the  model  to  make sure that  the
accuracy of the solution was not compromised due to damping. 
3. Results and discussion 
3.1. Effective  stress  and  plastic  strain  in  the  formation  during  wellbore
construction
The effective  stresses,  pore  pressure  and plastic  deviatoric  strain  in  the
formation generated during the wellbore construction stages along the 12
1/4-in.  dimeter  borehole  are  presented  in  Figure  10.  Positive  effective
stresses  indicate  compression  using  the  traditional  soil  mechanics
convention. The cement volume shrinkage was set to 0.75% while the initial
horizontal stress of the formation was calculated with K0 = (1-sin’)OCRsin’. 
The formation behavior during wellbore construction was dictated by the
cavity  contraction/expansion  mechanism  around  the  wellbore,  i.e.,  an
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increase in the radial effective stress is accompanied by a decrease in the
circumferential effective stress, and vice versa. During the drilling stage, the
radial effective stress at the wellbore surface decreased to zero (Figure 10b)
because pore pressure and surface pressure are equal to each other at the
hydrostatic  pressure  along  the  borehole,  simulating  the  drilling  with
seawater as the drilling fluid. In the meantime, the circumferential effective
stress increased according to the cavity contraction mechanism. The vertical
effective stress decreased because the formation developed plastic strain
during the drilling stage, causing stress redistribution around the wellbore. 
During  the  cementing  stage,  the  borehole  was  enlarged  because  the
pressure of the cement slurry was greater than that of seawater. As a result,
the  cavity  expansion  mechanism  occurred.  The  radial  effective  stress
increased while the circumferential effective stress decreased. The vertical
effective stress did not change significantly, which were consistent with the
insignificant additional plastic strain development during this stage (Figure
10e). 
During the cement hardening/shrinkage stage, the borehole contracted as
the cement shrank in the radial direction, which rendered the formation to
behave  in  the  cavity  contraction  mechanism.  At  0.75%  shrinkage,  the
inward radial  displacement of the borehole wall  was calculated less than
1mm.  Even  at  such  small  displacement  the  change  in  the  radial  and
circumferential  effective  stress  was  approximately  0.2  MPa  in  the
overburden/underburden and up to 1 MPa in the hydrate-bearing layer. 
During the casing landing stage, the stresses along the borehole surface did
not change substantially because the weight of the casing was primarily
supported at the bottom of the borehole. 
The  pore  pressure  did  not  change  significantly  throughout  the  whole
wellbore construction stages, even though small excess pore pressure was
generated during the cementing stage. The majority of the plastic deviatoric
strain  was  developed  during  the  drilling  stage,  whereas  the  cement
shrinkage  stage  developed  minor  additional  plastic  deformation.  The
oscillatory responses in the depths between 277 m and 339 m were due to
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steep  changes  in  the  formation  mechanical  properties  arising  from  the
highly heterogeneous distribution of hydrate saturation as shown in Figure
7a.  Due to the bonding effect of  methane hydrate, the formation in this
interval can sustain tensile stress. 
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Figure 10: Behaviors of the formation along the 12 1/4-in. diameter borehole
at each construction stage: (a) vertical effective stress; (b) radial effective
stress; (c) circumferential effective stress; (d) pore pressure; (e) deviatoric
plastic strain.
3.2. Zone of stress disturbance in the formation  
Figure  11  show  the  effective  stress  contours  at  the  end  of  wellbore
construction near the 12 1/4-in. diameter borehole computed with different
cement  shrinkage volumes and  initial  horizontal  stresses.  The  horizontal
axes are denoted by the normalized radial distance, which was calculated by
dividing the radius from the axi-symmetric axis by the radius of the 12 1/4-
in. diameter borehole. For example, the normalized radial distance of seven
corresponds to 1.09 m or 42.9 in. from the center of the wellbore. 
Figure 11a-1 and a-2 show the effective stress contours with the cement
shrinkage of 0% and 0.75%, respectively, with the initial horizontal stress
calculated  by  K0 =  (1-sin’)OCRsin’.  Although the  vertical  effective  stress
recovered to the geostatic levels within the normalized radial distance of
two, the disturbance to the radial and circumferential stresses propagated
much further. With the cement shrinkage of 0%, the horizontal stresses were
affected  up  to  the  normalized  radial  distance  of  three.  In  the  clayey
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overburden layer, the radial effective stress around the borehole decreased
while  the  circumferential  effective  stress  increased  with  respect  to  their
geostatic levels. The decrease in the circumferential effective stress near
the borehole was due to the development of plastic strain which caused
stress relaxation of the formation. 
When the cement shrinkage was set to 0.75%, the zone of horizontal stress
disturbance did not change at the normalized radial distance of three but
the magnitudes increased. The stress disturbance in the reservoir and sandy
underburden layer was less pronounced than that in the clayey overburden
layer. This was because in these layers the initial  horizontal stress levels
were similar to the cement slurry pressure levels, which recovered to the
geostatic stress levels during the cementing stage after they were disturbed
by  the  drilling.  Also,  the  spiky  stress  response  in  the  methane  hydrate
reservoir  (i.e.,  277  m  to  339  m)  became  apparent  during  the  cement
shrinkage stage. This is because the sublayers with low hydrate saturation
accumulated greater plastic strain than those with high hydrate saturation
during drilling and cementing, which in turn caused the former to become
softer and the latter to maintain its stiffness. During the cavity contraction
associated with cement shrinkage, the stiffness contrast of different layers
turned into stress variation within the hydrate bearing layer, as illustrated in
Figure 12a and b. 
Figure  11b-1  and  b-2  show the  effective  stress  contours  with  the  initial
horizontal stress calculated by K0 = /(1-), and with the cement shrinkage
of  0% and 0.75%, respectively.  Both the area and the magnitude of  the
vertical  effective  stress  decrease  in  the  clayey  overburden  layer  were
smaller than those calculated in the case of K0 = (1-sin’)OCRsin’. This was
because  the  initial  horizontal  stresses  calculated  by  K0 =  /(1-)  were
smaller  than  those  by  K0 =  (1-sin’)OCRsin’,  resulting  in  smaller  stress
changes and hence less plastic deformation during drilling. In fact, in the
reservoir and sandy underburden layer where K0 = /(1-) resulted in larger
initial horizontal stress than K0 = (1-sin’)OCRsin’, the area and magnitude of
the vertical effective stress decrease were greater. The disturbance in the
radial and circumferential effective stresses was also affected by the initial
horizontal stress. When the initial horizontal stresses in the overburden layer
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were  calculated  by  K0 =  (1-sin’)OCRsin’,  the  radial  effective  stress
decreased while  the  circumferential  effective  stress  increased from their
geostatic levels. When  K0 =  /(1-) was employed, the opposite response
was  obtained,  i.e.,  the  radial  effective  stress  increased  while  the
circumferential  effective  stress  decreased around the  borehole.  This  was
because  the  initial  horizontal  stresses  calculated  by  K0 =  (1-
sin’)OCRsin’were greater than the cement slurry pressure while those by K0
=  /(1-) were smaller. As to the effect of cement shrinkage, the case of
cement  shrinkage  of  0.75%  reduced  the  stress  disturbance  in  the
overburden layer compared to that of 0%. The spiky stress response in the
methane hydrate layer occurred as was the case with K0 = (1-sin’)OCRsin’.
Figure 11c-1 and c-2 show the cases where the initial  horizontal stresses
were calculated by  K0 =  with the cement shrinkage of 0% and 0.75%,
respectively.  The area and the magnitude of  the vertical  effective stress
decrease were comparable to the other two cases, while the disturbance in
the  radial  and  circumferential  effective  stresses  was  smaller.  This  was
because the initial horizontal stresses calculated by K0 =  were close to
the cement slurry pressure. The horizontal stresses disturbed in the drilling
stage was recovered to the geostatic levels in the cementing stage. In the
methane hydrate layer, the horizontal stresses were significantly disturbed
as was the case for the other initial horizontal stress cases. 
Figure  12  and  Figure  13  show  the  deviator  stress-strain  changes  and
deviator  stress-mean  effective  stress  changes  (i.e.,  stress  paths)  of
formation elements close to the wellbore during well  construction for the
case of K0 = 0.4 and cement shrinkage volume = 0.75%. The following four
elements  were  selected:  (i)  methane  hydrate  reservoir  with  low  hydrate
saturation (Sh = 1.0%),  (ii)  methane hydrate  reservoir  with  high hydrate
saturation (Sh = 78.3%), (iii)  underburden sand layer and (iv) overburden
clay layer. 
In general, the horizontal stress disturbance in the methane hydrate layer
was  affected  more  by  the  cement  shrinkage  stage  than  by  the  other
wellbore construction stages. The methane hydrate layers with high hydrate
saturation  (Figure  12b)  exhibited  stiffer  response  than  those  with  low
27
hydrate  saturation  (Figure  12a)  during  the  cement  shrinkage  stage.  The
deviator stress magnitude in the high hydrate saturation layer after cement
shrinkage increased to a comparable level to that achieved after the drilling.
The stress paths in the high hydrate saturation layer (Figure 13a) showed
negligible plastic strain development while in the low saturation layer some
plastic strains accumulated as the stress state approached the yield surface
(Figure  13b).  The  R  value  shown  in  Figure  13  indicates  the  ratio  of  the
current stress to the yield stress. The small R values in the high methane
hydrate saturation layer correspond to the stiff, elastic response of this layer
mentioned earlier.  The  stress  paths  also  show that  the  maximum stress
ratios (i.e., q/p’), which occurred at the drilling stage, were 1.55 in the high
hydrate saturation layer and 1.50 in the other layers.  The pore pressure
change was negligible at a level of few tens of kilopascal during the entire
well  construction  stages.  The  shear  resistance  in  the  methane  hydrate
reservoir was concentrated in the layers with high hydrate saturation within
the region of the normalized radial distance of three, i.e. 0.467 m or 18.4 in.
from the center  of  the wellbore.  The deviatoric  stress-strain  change and
stress  path  in  the  overburden  layer  (Figure  12d  and  Figure  13d)  and
underburden layer (Figure 12c and Figure 13c) were similar to those in the
low hydrate saturation layers in the reservoir.  In  these layers,  significant
plastic strain development was observed due to lack of reinforcement effect
of methane hydrate. 
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(a-1)
(a-2)
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(b-1)
(b-2)
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(c-1)
(c-2)
Figure 11 Effective stresses in the formation after the entire wellbore
construction stages near the 12 1/4-in. diameter borehole: (a-1) K0 = (1-
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sin’)OCRsin’with cement shrinkage = 0%; (a-2) K0 = (1-sin’)OCRsin’ with
cement shrinkage = 0.75%; (b-1) K0 = /(1-) with cement shrinkage = 0%;
(b-2) K0 = /(1-) with cement shrinkage = 0.75%; (c-1) K0 =  with
cement shrinkage = 0%; (c-2) K0 =  with cement shrinkage = 0.75%. 
(a)
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(b)
(c)
(d)
Figure 12 Deviatoric stress-strain changes of the formation (K0 = 0.4) during
well construction (cement shrinkage = 0.75%) at normalized radial distance
of one, two and three: (a) methane hydrate reservoir (Sh = 1.0%); (b)
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methane hydrate reservoir (Sh = 78.3%); (c) underburden; (d) overburden.
(a)
(b)
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(c)
(d)
Figure 13 Deviatoric stress-mean effective stress changes (i.e. stress paths)
of the formation (K0 = 0.4) during well construction (cement shrinkage =
0.75%) at normalized radial distance of one, two and three: (a) methane
hydrate reservoir (Sh = 1.0%); (b) methane hydrate reservoir (Sh = 78.3%);
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(c) underburden; (d) overburden. The oval semicircles are the MHCS
subloading and yield surfaces.
3.3. Zone of plastic deviatoric strain development in the formation 
3.3.1. Effect of cement volume shrinkage
Figure 14  show the  effect  of  cement  shrinkage on the plastic  deviatoric
strain development in the formation near the 12 1/4-in. diameter borehole.
Three  cement  volume  shrinkage  values  (0%,  0.5%  and  0.75%)  are
considered. The horizontal axis is the normalized radial distance, i.e., radial
coordinates normalized by the radius of the 12 1/4-in. diameter borehole.
The  vertical  coordinate  covers  the  depths  along  the  12  1/4-in.  diameter
borehole. The initial horizontal stress was calculated by K0 = (1-sin’)OCRsin'.
Results show that the cement shrinkage stage would have minor effects on
the plastic deviatoric strain development in the formation compared to the
drilling stage, as the variation of cement shrinkage volume between 0% and
0.75%  only  slightly  increased  the  area  and  magnitude  of  the  plastic
deviatoric  strain  in  the  formation.  This  is  in  contrast  with  the  cement
shrinkage-induced stress changes in the formation described in the previous
section. The stress changes were caused by the stiffness contrast between
the high hydrate saturation layers (elastic) and low/zero hydrate saturation
layers (plastic)  induced during the drilling stage.  In other words,  cement
shrinkage  converted  the  stiffness  contrast  into  stress  contrast  without
accumulating  extra  plastic  strain.  This  is  why  the  stress  state  was
significantly  affected  by  cement  shrinkage  whereas  the  plastic  strain
development was not influenced by it. The maximum magnitude of plastic
deviatoric strain was approximately 1% at 60 m below seafloor in the clayey
overburden layer. A comparable magnitude of plastic deviatoric strain was
also developed in  the sandy underburden layer.  In  the methane hydrate
reservoir,  however,  the  magnitude  of  plastic  deviatoric  strain  was  much
smaller  than  in  the  overburden  and  underburden  layers  due  to  the
reinforcement effect of methane hydrate. 
The trend of plastic deviatoric strain development shown in Figure 14 could
be related to the borehole radius measurement data obtained from wireline
logging  in  the  A1-W well  (Figure  2).  The  radial  extent  of  the  computed
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deviatoric plastic strain is in agreement with the borehole radius data. The
small deviatoric plastic strain levels in the methane hydrate reservoir (277
m-339 m) coincide with the minimal borehole enlargement, while the large
plastic strain magnitudes in the overburden and underburden layers match
well  with  the  significant  borehole  enlargement.  Although  this  qualitative
comparison between the computed plastic strain distribution and measured
borehole enlargement does not directly demonstrate the accuracy of  the
simulation, it indicates that the essential aspects of the formation behavior
during well construction are captured in the constitutive model. It is noted
that the A1-W well  was dedicated for wireline logging to probe formation
properties, one of which was borehole radius, and was thus not constructed
with casing and cement (Takahashi & Tsuji 2005). In fact, the A1-E1 well was
the only vertical well that was constructed with casing and cement during
the 2004 drilling campaign. 
(a)
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(c)
Figure 14 Effect of different volumes of cement shrinkage on the zone and
magnitude of plastic deviatoric strain in the formation near the 12 1/4-in.
diameter borehole: (a) cement shrinkage = 0%; (b) cement shrinkage =
0.5%; (c) cement shrinkage = 0.75%. The initial horizontal stress was
calculated with K0 = (1-sin’)OCRsin’.
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3.3.2. Effect of initial horizontal stress of the formation 
Figure 15 shows the effect of different initial horizontal stress formula on the
plastic deviatoric strain development in the formation around the 12 1/4-in.
diameter borehole. The initial horizontal stress of the formation was found to
have an impact on the plastic deviatoric strain development compared to
the effect  of  cement volume shrinkage discussed earlier.  When  K0 = (1-
sin’)OCRsin’ was  employed,  the  maximum  plastic  deviatoric  strain  was
developed at approximately 60m below seafloor in the overburden layer,
while  it  was  in  the underburden layer  when  K0 =  /(1-)  was employed.
When   = 0.40 was used, the magnitude of the plastic deviatoric strain
gradually  increased  with  depth  intermitted  by  the  reservoir  where  the
plasticity was minimal.  The magnitude of plastic deviatoric strain can be
related to the magnitude of initial horizontal effective stress. For instance,
when K0 = /(1-) was employed, the largest initial horizonal effective stress
occurred in the underburden layer.  When   = 0.40 was used, the initial
horizontal effective stress linearly increased with depth. These trends of the
initial  horizontal effective stress corresponded well  to those of the plastic
deviatoric  strain.  This  is  because  deviatoric  stress  development  was
proportional  to  the  difference  between  the  initial  horizontal  stress  and
drilling fluid (seawater) pressure (i.e., initial horizontal effective stress). The
plastic  deviatoric  strain  propagated  to  the  normalized  radial  distance  of
approximately one and a half among the examined simulation cases with
different K0 distributions.
Chen et al. (2018) showed that the change in hydrate saturation caused by
well construction in the near-wellbore region would significantly affect the
short-term gas production rate. The discrepancy between the simulation and
field data on the short-term gas production rate at the Nankai Trough (Chen,
Feng, Kogawa, et al. 2018) could also be due to well construction-induced
complex initial permeability, gas and water saturation conditions around the
wellbore prior to gas production. The result of this study on the plastic strain
development  in  the  methane  hydrate-bearing  layer  in  the  near-wellbore
region  suggests  that  the  effect  of  well  construction-induced  disturbance
could indeed be complex yet limited within a very small  radius from the
center of the well.  Therefore, the discrepancy between the predicted and
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actual short-term gas production rate might be due to other factors such as
hydrate reformation during initial gas production. 
(a)
(b)
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Figure 15 Effect of different initial horizontal stresses of the formation on the
zone and magnitude of plastic deviatoric strain development in the
formation near the 12 1/4-in. diameter borehole: (a) K0 = (1-sin’)OCRsin’; (b)
K0 = /(1-); (c)  = 0.40. The volume of cement shrinkage was set to
0.75%. 
4. Conclusions
In  this  study,  a  modelling  methodology  of  well  construction  process  is
proposed.  The  modelled  well  construction  processes  are  drilling,  casing
hanging,  cementing,  cement  hardening/shrinkage  and  casing  landing.  A
finite element analysis incorporating this methodology was carried out to
investigate the effect of wellbore construction on the integrity of the Nankai
Trough unconsolidated methane hydrate-bearing formation. The effects of
key  well  construction  stages,  including  the  drilling  and  cement  volume
shrinkage  stage,  as  well  as  the  effect  of  initial  horizontal  stress  of  the
formation on the formation integrity were assessed. The primary findings
from the present study are provided below. 
(i) In  the  Nankai  Trough  methane  hydrate  reservoir  case,  the  well
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construction-induced stress disturbance in the formation extended to
the  normalized  radial  distance  of  approximately  three,  whereas
plastic deviatoric strain development extended to that of one and a
half. 
(ii) The high hydrate saturation layer in the reservoir  remained elastic
during the drilling stage due to the strength enhancement effect of
the hydrate. In contrast, the low to zero hydrate saturation layer and
the  overburden/underburden  layer  developed  plastic  deformation.
Because of the difference between the elastic (high) and plastic (low)
stiffness,  the  high  hydrate  saturation  layer  exhibited  larger  stress
changes in the subsequent well construction stages than the low to
zero hydrate saturation layer and the overburden/underburden layer. 
(iii) The  key  well  construction  process  for  estimating  plastic  strain
development  in  the  formation  was  found  to  be  the  drilling  stage,
whereas  it  was  the  cement  shrinkage stage  that  was  essential  to
predict formation stress changes. 
From the above findings, it is recommended that the modelling of drilling
stages should be sufficient if the focus of well construction modelling is to
predict plastic strain development in the unconsolidated methane hydrate-
bearing formation, whereas the modelling of cement shrinkage stages must
also  be  incorporated  if  the  estimation  of  formation  stress  changes  is
important.  In  addition,  an appropriate  initial  horizontal  stress  distribution
should  be assigned to the formation as it  has an impact  on both stress
changes  and  plastic  strain  development  in  the  formation  during  well
construction process. 
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Appendices
Details  of  the  methane  hydrate  critical  state  (MHCS)  constitutive  model
(Uchida  2012;  Uchida  et  al.  2012)  are  clarified  herein.  As  the  essential
components of any constitutive models are (1) elastic properties, (2) yield
criterion, (3) flow rule and (4) hardening rule (Wood 2004), each of these
segments of the MHCS model are characterized below.
(1) Elastic properties
The isotropic elastic stiffness matrix of hydrate-bearing soil (Dhs
e ) is assumed
to be comprised of that of soil skeleton and some contribution from hydrate.
The effective stress vector (σ ') is calculated from the reference stress vector
(σ 0
' ), the stiffness matrix of hydrate-bearing soil and elastic strain vector (ϵe)
as follows:
σ '−σ0
' =Dhs
e ϵe (A-1)
The stress state of hydrate-bearing soil changes not only with elastic strain
increments  but  also  with  hydrate  dissociation-induced  softening.  This
necessitates the incorporation of changes in the stiffness of hydrate-bearing
soil  due to hydrate dissociation (d Dhs
e =(∂Dhse /∂ Sh)dSh)  in  addition  to  the
elastic  strain  increment  (d ϵe),  in  order  to  calculate  the  increment  of
effective stress (d σ '). Hence, the effective stress increment is calculated as
follows:
d σ '=Dhs
e d ϵe+d Dhs
e ϵe (A-2)
The  two  elastic  parameters  for  the  isotropic  elastic  stiffness  matrix  of
hydrate-bearing soil, namely the bulk modulus (K hs) and shear modulus (Ghs
), are calculated as follows:
K hs=K s+K h≈ K s=
p'
κ (1−n ) (A-3)
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Ghs=Gs+Gh=
3 (1−2ν )
2 (1+ν )
K s+m2 χ Sh (A-4)
Stiffness contribution of hydrate (K h) to the bulk modulus of hydrate-bearing
soil  is  assumed  to  be  negligible  compared  to  the  bulk  modulus  of  soil
skeleton (K s). The bulk modulus of soil  skeleton is set dependent on the
current  value  of  the  mean  effective  stress  (p').  The  κparameter  is  the
gradient of swelling line (Schofield & Wroth 1968) and  n is porosity.  The
shear modulus of hydrate-bearing soil is computed as the summation of the
shear modulus of soil skeleton (Gs) and that of hydrate (Gh). The former is
calculated from the bulk modulus and Poisson’s ratio (ν) of the soil skeleton
while the latter is assumed to be proportional to hydrate saturation (Sh). The
m2 parameter is a constant while the  χ parameter ranges from 1 (initial
value) to 0 (ultimate value) depending on the accumulated plastic deviatoric
strain  which  induces  shear  degradation  of  the  stiffness  contribution  of
hydrate. 
(2) Yield criterion
The Hashiguchi subloading surface (Hashiguchi 1989) is incorporated in the
MHCS model. The subloading surface is an auxiliary yield surface within the
yield  surface  which  is  designed to  produce  small  plastic  strains  prior  to
yielding. The subloading surface thus helps introduce smooth transition from
elastic constitutive behaviors to plastic ones.  A schematic diagram of  an
MHCS yield surface and subloading surfaces is  shown in  Figure A-1.  The
subloading surface of the MHCS model is defined as follows:
 
f (σ ' , pcs' ,pcd' ,pcc' ,R)=q2+M2(p'+pcc' )(p'−R(pcs' +pcd' +pcc' ) ) (A-5)
where q (= √3 J2) = deviatoric stress ( J2= the second invariant of deviatoric
stress  tensor);  p'(¿ tr (σ ')/3) =  mean  effective  stress;  M =  critical  state
frictional  constant;  pcs
'  =  preconsolidation  stress;  pcd
'  =  dilation
enhancement  parameter;  pcc
'  =  cohesion  enhancement  parameter;  R =
Hashiguchi  subloading  surface  ratio.  The  yield  surface  is  defined by  the
same equation (R=1¿. The subloading surface ratio, R, can take a positive
value  up  to  1  which  indicates  the  separation  between  the  subloading
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surface (0<R<1¿)  and yield surface (R=1¿.  The consistency condition is
shown below:
df= ∂f
∂q
dq+ ∂f
∂ p'
d p'+ ∂f
∂ pcs
' d pcs
' + ∂f
∂ pcd
' d pcd
' + ∂f
∂ pcc
' d pcc
' + ∂f
∂R
dR=0 (A-6)
Figure A-1 A schematic diagram of an MHCS yield surface and subloading
surfaces, which have a symmetric elliptic shape.
(3) Flow rule
Associated flow rule (i.e. plastic potential function (g) = yield criterion (f )) is
employed in the MHCS model. Plastic strains are calculated with the plastic
multiplier (λ) as follows:
d ϵp=λ ∂g
∂σ '
=λ ∂f
∂ σ '
(A-7)
(4) Hardening rule
There are four hardening parameters in the MHCS model (pcs
' ,  pcd
' ,  pcc
' ,  R).
Plastic volumetric hardening is employed for the preconsolidation stress (pcs
'
) as follows:
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d pcs
' =
pcs
'
( λ−κ ) (1−n ) d ϵv
p (A-8)
where λ,κ = the gradient of compression line and swelling line, respectively
(Schofield  & Wroth  1968);  n =  porosity;  d ϵv
p =  plastic  volumetric  strain
increment.  Plastic  deviatoric  hardening  along  with  hydrate  dissociation-
induced hardening are employed for the dilation enhancement parameter (
pcd
' ) and cohesion enhancement parameter (pcc
' ) as follows:
d pcd
' =ab ( χ Sh)
b−1(−m1 χ Shd ϵdp+χ dSh) (A-9)
d pcc
' =cd (χ Sh )
d−1 (−m1 χ Shd ϵdp+χ dSh)
(A-
10)
where  a ,b = constants  for  the dilation enhancement parameter;  c ,d =
constants  for  the  cohesion  enhancement  parameter;  Sh =  hydrate
saturation;  χ =  a  parameter  for  shear  degradation  of  hydrate;  m1 =  a
constant for shear degradation of hydrate;  d ϵd
p = plastic deviatoric strain
increment.  A  combination  of  plastic  volumetric  and  deviatoric  hardening
(the  L2 norm  of  plastic  strain  increments  (|dϵp|))  is  employed  for  the
subloading surface ratio (R) with a constant (u) as shown in the equation
below:
dR=−u(1+ pcd
' +pcc
'
pcs
' ) lnR|dϵp| (A-11)
From the above equations, the plastic multiplier (λ) is calculated as below:
λ=
( ∂f∂ σ ' )
T
Dhs
e d ϵ+(( ∂f∂σ ')T ( ∂ Dhs
e
∂Sh )ϵe+( ∂f∂Sh ))d Sh
( ∂f∂σ ' )
T
Dhs
e ( ∂f∂ σ ' )−( ∂f∂ ϵvp )(
∂f
∂ p' )−( ∂f∂ϵdp )(
∂f
∂q )−( ∂f∂R dR|d ϵp|)| ∂f∂σ '|
(A-
12)
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Finally, the elastic-hardening plastic stress increment of the MHCS model is
derived as shown below:
d σ '=(Dhse − Dhs
e ( ∂f∂ σ ' )( ∂f∂σ ' )
T
Dhs
e
( ∂f∂ σ ' )
T
Dhs
e ( ∂f∂σ ' )−( ∂f∂ϵvp
∂f
∂ p' )−( ∂f∂ϵdp
∂f
∂q )−( ∂f∂R dR|d ϵp|)| ∂f∂ σ '|)d ϵ
+(( ∂Dhse∂ Sh )ϵe− Dhse ∂f∂ σ ' (( ∂f∂σ ' )
T ( ∂Dhs
e
∂ Sh )ϵe+( ∂f∂ Sh ))
( ∂f∂ σ ' )
T
Dhs
e ( ∂f∂σ ' )−( ∂f∂ϵvp
∂f
∂ p' )−( ∂f∂ϵdp
∂f
∂q )−( ∂f∂R dR|d ϵp|)| ∂f∂ σ '|)d Sh
(A-
13)
It is noted that terms for temperature and thermal strain are omitted in the
above derivation of the plastic multiplier and stress increment.
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